Disrupted-in-schizophrenia 1 (DISC1) is a promising susceptibility gene for major mental illness. Recent studies have implicated DISC1 in key neurodevelopmental processes, including neurite outgrowth, neuronal migration and proliferation. Here, we report that DISC1 regulates cell-cell and cell-matrix adhesion and neurite outgrowth. DISC1 overexpression increased expression of the adherence junction protein N-cadherin and enhanced cell-cell adhesion. The increased N-cadherin accumulated in the areas of cell-cell contact. DISC1 overexpression also enhanced cell-matrix adhesion by inducing expression of b1-integrin protein. In the presence of nerve growth factor (NGF), DISC1 overexpression increased b1-integrin expression at the cell membrane and growth cone. NGF-induced neurite extension was enhanced by DISC1, and anti-b1-integrin antibody reduced the neurite outgrowth of DISC1-overexpressing cells to the control level. Furthermore, DISC1 also regulated N-cadherin and b1-integrin expression at the cell membrane in primary neurons. We conclude that DISC1 regulates cell-cell adhesion and cell-matrix adhesion by regulating the expression of adhesion molecules.
Introduction
Schizophrenia is a chronic, severe and disabling brain disorder that affects about 1% of the population worldwide. It has been determined that schizophrenia is a multifactorial disorder influenced by genetic, neurodevelopmental and social factors. [1] [2] [3] [4] [5] [6] Disruptedin-schizophrenia 1 (DISC1) is a promising candidate susceptibility gene for major mental disorders, including schizophrenia. DISC1 was originally identified at the break point of a balanced (1;11)(q42.1;q14.3) translocation that segregates with major mental illnesses in a large Scottish family. 7, 8 Recent linkage and association studies showed association between DISC1 and schizophrenia in multiple populations, suggesting that DISC1 is a general risk factor for schizophrenia. [9] [10] [11] [12] To investigate the physiological roles of DISC1, a number of groups, including ours, have identified DISC1-interacting proteins, such as the fasciculation and elongation protein z-1 (FEZ1), 13 DISC1-binding zinc-finger protein, 14 kendrin 13, 15 and NudE-like protein. [16] [17] [18] [19] [20] [21] Other relevant interacting proteins include activating transcription factors 4 and 5 17 and phosphodiesterase 4B, 22 which are involved in intracellular signaling pathways. The endogenous expression pattern of DISC1 is complex, and DISC1 colocalizes with centrosomal protein, 16 ,17 mitochondria 23 and F-actin. 13, 17 DISC1 protein has conserved nuclear localization signals and has been found within the nuclei of certain cell types. 17, 24, 25 Moreover, DISC1 is involved in cAMP, CREB, Notch, Wnt and MAPK signaling pathways. [25] [26] [27] [28] [29] Recent studies have suggested that DISC1 has roles during neurodevelopment and influences adult brain functions by regulating these signaling pathways. 9, [30] [31] [32] [33] Cadherins are a superfamily of proteins that regulate many cellular functions, including cell adhesion and motility. 34, 35 Cadherins are important for neuronal development and synapse formation, with many members of this family being expressed in the brain. 35 N-cadherin is involved in the formation of both adherence and synaptic junctions in the nervous system. Moreover, recent reports have shown that members of the cadherin family are associated with psychiatric disorders. 36, 37 Integrins are transmembrane receptors that function in the recognition of extracellular matrix and cell-surface proteins. 38 Integrins have been shown to be important in axonal guidance and proper synapse formation during the development of the central and peripheral nervous systems. 39 In this study, we found that DISC1 overexpression induces cellular adhesion by increasing N-cadherin expression. Furthermore, it is shown that DISC1 increases b1-integrin expression, which enhances cell-matrix adhesion and neurite outgrowth. DISC1 also regulates N-cadherin and b1-integrin expression in hippocampal neurons.
Materials and methods

Antibodies
Monoclonal antibody against N-cadherin was purchased from BD Biosciences (San Diego, CA, USA). Polyclonal anti-b1-integrin antibody, N-cadherin antibody and monoclonal anti-green fluorescent protein (GFP) antibody were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Monoclonal anti-b-actin antibody was purchased from Chemicon (Temecula, CA, USA). The generation of a rabbit anti-DISC1 polyclonal antibody has been described previously. 13 Cell culture and transfection For the generation of PC12 cells, stably expressing DISC1, HA-or FLAG-tagged full-length human DISC1 cDNA in pcDNA3.1( þ ) (Invitrogen, Carlsbad, CA, USA) was linearized by ScaI and transfected into PC12 cells. At 48 h after transfection, Geneticin (Invitrogen) was added at a concentration of 400 mg ml
À1
. Several clones were picked, expanded in selective medium and then checked for expression. Mock-stable lines were also generated by the same procedures. PC12 cells were differentiated with nerve growth factor (NGF) at a concentration of 50 ng ml À1 . For transfection of these cells, we used Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Rat primary hippocampal cultures were prepared as described previously.
14 Adenovirus (Adv-GFP or Adv-DISC1-GFP) or small-interfering RNA (siRNA) was transfected at 1 DIV (day in vitro). Then, cells were harvested for western blot analysis or fixed for immunofluorescence experiments at 4 DIV.
Plasmids
Human DISC1 cDNA, human FEZ1 cDNA and cDNAs encoding human DISC1 (46-854) and rat b1-integrin were cloned into pEGFP-C1 and transfected into PC12 cells. A recombinant adenovirus expressing GFP and human DISC1 with GFP fused to the C terminus (Adv-GFP and Adv-DISC1-GFP, respectively) were generated using the ViraPower Adenoviral Expression System (Invitrogen) according to the manufacturer's instructions.
Western blot analysis
Cells were homogenized in TNE buffer containing 1% NP-40 in the presence of protease inhibitors.
Western blotting was performed following a previously published protocol. 13 Quantitative real-time PCR Total RNA was reverse-transcribed using HighCapacity cDNA Reverse Transcription Kits (Applied Biosystems, Warrington, UK), and analyzed by realtime PCR to determine the expression levels for the genes N-cadherin and b1-integrin. For N-cadherin, we chose the following oligonucleotides: 5 0 -ACTGCC ATTGATGCAGATGACC-3 0 and 5 0 -AGCTGCCACAGT GATGATGTCC-3 0 . For b1-integrin, the primer set 5 0 -AGGAATGCCTACTTCTGCACG-3 0 and 5 0 -TTCTCT GCCATCCCTTTGC-3 0 was designed. To standardize the experiments, we designed a primer set (5 0 -GGCT GCCTTCTCTTGTGACAA-3 0 and 5 0 -TGCCGTGGGTA GAGTCATACTG-3 0 ) to amplify a portion of the rat GAPDH gene. Rat b-actin primers (5 0 -AGATTTGG CACCACACTTTC-3 0 and 5 0 -GGGGTGTTGAAGGTCT CAAA-3 0 ) were also used for normalization. Real-time PCR was set up using Power SYBR Green PCR Master Mix (Applied Biosystems). The PCR conditions were as follows: denaturing at 95 1C for 10 s, followed by 40 cycles of a 5-s denaturing step at 95 1C and a 34-s annealing and extension step at 60 1C. Comparison of specific ratios (gene of interest/GAPDH or b-actin) was used to assess differences in expression levels between groups.
Immunocytochemistry Immunocytochemistry was performed as described. 13 Mouse anti-N-cadherin and rabbit anti-b1-integrin antibodies were both used as primary antibodies at dilutions of 1:200. Confocal microscopy was performed using an LSM-510 laser scanning microscope (Carl Zeiss, Oberkochen, Germany).
siRNA design and RNA interference To inhibit DISC1 synthesis, we used Stealth siRNAs (Invitrogen). The targeted sequences of the rat DISC1 stealth siRNAs were as follows: 5 0 -GGCTACATGA GAAGCACAG-3 0 (siRNA-1) and 5 0 -GGCAAACACTGT GAAGTGC-3 0 (siRNA-2). These siRNAs have already been confirmed to cause strong suppression of rat DISC1 protein expression. 40, 41 A scramble sequence was used as a control: 5 0 -GCGCGCTTTGTAGGA TTCGT-3 0 . Transfection of these siRNAs was carried out using RNAimax (Invitrogen) according to the manufacturer's protocol.
Cell association assay
To measure cell-cell association, we cultured 1 Â 10 6 PC12 cells per 100 mm dish overnight. Cells were washed twice with phosphate-buffered saline and treated with 0.05% trypsin-EDTA in phosphatebuffered saline for 10 min to disrupt cell-cell contacts. The cells were washed with Dulbecco's modified Eagle's medium and spun at 2500 r.p.m. for 5 min at room temperature. After discarding the supernatants, we resuspended cells in 3 ml of Dulbecco's modified Eagle's medium. Single-cell DISC1 regulates adhesion and neurite outgrowth T Hattori et al suspensions were incubated with 40 mg ml À1 rabbit antibody against the extracellular domain of N-cadherin or rabbit IgG for 15 min. Then, the cells were incubated for 2 h at 37 1C in a humidified atmosphere with 5% carbon dioxide. During incubation, cells were gently mixed every 15 min. The extent of cell association was studied after incubation by counting the average number of cells per cell unit under a microscope.
Cell-matrix attachment assays
The washed PC12 cells were plated (5 Â 10 5 cells per ml) into 500 ml of serum free media in wells (2.5 Â 10 5 cells per ml) coated with collagen type 4 (Cellmatrix Type 4; Nitta Gellatin, Osaka, Japan). After 2 h, we removed the detached cells with phosphate-buffered saline and studied the remaining attached cells under a microscope.
Antibody blocking and measurement of neurite outgrowth Rabbit antisera against the extracellular domain of b1-integrin were used to inhibit neurite outgrowth. PC12 cells were plated on collagen-coated 24-well dishes (2 Â 10 4 cells per well) and cultured in serumfree medium containing b1-integrin antibodies (40 mg ml
À1
). After 4 h, we added NGF to the medium and cultured for 24 h to measure neurite length. Neurite length was analyzed on randomly selected digital microscope images. The neurite length/cell body diameter ratios of PC12 cells were determined by tracing the lengths of the neurites of each cell in a field that had identifiable neurites that could be completely visualized. At least 100 cells were observed in each experiment and analyzed in a blinded manner. In rescue experiments, DISC1-knockdown PC12 cells transfected with siRNAs targeting the specific DISC1 sequences or scramble siRNA were cultured on collagen-coated dishes for 24 h and then GFP, DISC1-GFP or b1-integrin-GFP expression plasmid was transfected into the siRNA-transfected cells. After 24 h, we treated the cells with NGF and cultured them for 48 h. Neurite outgrowth of GFP-positive cells was analyzed on randomly selected digital microscope images. The assessment of neurite outgrowth was performed using the same procedure as in the antibody blocking experiment described above.
Animals
All animal experiments were carried out in accordance with a protocol approved by the Institutional Animal Care and Use Committee of Osaka University.
Results
DISC1 overexpression promotes cell-cell adhesion
To investigate the physiological functions of DISC1, we established stable PC12 cell lines expressing human DISC1-HA (PC12/DISC1-HA) or human DISC1-FLAG (PC12/DISC1-FLAG). Using western blot analysis, we confirmed the expression of the full-length DISC1 protein tagged with HA or FLAG ( Figures 1a and b) ; the expression levels of DISC1 protein in PC12/DISC1-HA and PC12/DISC1-FLAG cells were 2.7-and 3.1-fold higher, respectively, than that in PC12/mock cells ( Figure 2c ). Initially, the morphological differences between DISC1-overexpressing cells and PC12/mock cells were examined under normal growth conditions. DISC1-overexpressing PC12 cells seemed to form cellular aggregates more frequently than PC12/mock cells ( Figure 1d ). To measure cell-cell aggregation, we performed a cell association assay for these cell lines. Cells of each cell line were dissociated with trypsin-EDTA to disrupt cell-cell contact and 2 h later the number of cells included within a cell cluster was counted for each cell line. The average number of cells per cell unit, where either a single cell or a cell cluster of two or more cells was considered one cell unit, was 1.7 for PC12/mock cells, 3.2 for PC12/DISC1-HA cells and 2.7 for PC12/DISC1-FLAG cells (Figures 1d and e) . However, in the presence of antibody against the extracellular domain of N-cadherin, the cellular aggregation of DISC1-overexpressing cells was inhibited (Figures 1d and e). These findings show that DISC1 overexpression enhances cell-cell aggregation in PC12 cells, and that this aggregation is mediated by N-cadherin. Therefore, we next examined the expression level of N-cadherin in DISC1-overexpressing PC12 cells.
DISC1-induced cell-cell adhesion is associated with the increased expression of N-cadherin
The level of N-cadherin in PC12/mock, PC12/DISC1-HA and PC12/DISC1-FLAG cell lysates was determined by western blotting. In PC12/mock cells, the expression level of N-cadherin was low, in agreement with other reports, 42 whereas in PC12/DISC1-HA and PC12/DISC1-FLAG cells, N-cadherin expressions were 2.0-and 1.7-fold higher than PC12/mock cells (P < 0.05, Student's t-test) (Figures 2a and b) . To extend these results, we used RNA interference analysis to knockdown endogenous DISC1 expression. The sequences of siRNA targeting the rat DISC1 gene have already been shown to strongly suppress rat DISC1 protein expression. 40, 41 We also confirmed that both of the siRNAs targeting DISC1 suppressed the expression of the 100-105 kDa and 70-75 kDa endogenous DISC1 proteins (Figures 2c and d) . At 72 h after siRNA transfection, suppression of DISC1 reduced the expression of N-cadherin to B50-52% compared with control scramble (Figures 2c-e) . Next, to check the effect of cell density on N-cadherin expression in DISC1-overexpressing PC12 cells, we compared the N-cadherin expression levels at different cell densities. Cell density did not affect the enhanced N-cadherin expression in DISC1-overexpressing PC12 cells (Supplementary Figure S2) . Using real-time PCR (reference gene: GAPDH), we studied whether the DISC1 expression level affected the expression level of N-cadherin mRNA. N-cadherin transcripts were upregulated markedly in DISC1-overexpressing cells compared with the level found in PC12/mock cells (Figure 2f ). The N-cadherin DISC1 regulates adhesion and neurite outgrowth T Hattori et al transcripts were reduced in cells transfected with DISC1 siRNAs at 48 h after transfection (Figure 2g ). The reduction was also found using another reference gene (b-actin). The mean±s.e.m. of N-cadherin/ b-actin were 0.852±0.08, 0.464±0.02 and 0.582±0.01 for scramble si, siRNA-1 and siRNA-2, respectively (P < 0.05, Student's t-test). These results suggest that DISC1 increases N-cadherin expression at least partly by enhancing its transcription. N-Cadherin is a membrane protein that functions at the cell surface; therefore, to clarify whether increased N-cadherin proteins would be expressed at the cell surface, PC12/mock and PC12/DISC1-HA cells were stained with anti-N-cadherin antibody. In PC12/DISC1-HA cells, the level of N-cadherin was notably increased at the cell membrane in areas of cell-cell contact compared with PC12/mock cells. (Figure 2h) .
It is known that DISC1 exists not only in cytoplasm but also in the nucleus. 25 As previously reported, 43, 44 DISC1 has two putative NLSs (amino acids 35-43 (NLS1) and amino acids 331-346 (NLS2)) and deletion of NLS1 (DISC1(46-854)) causes a remarkable reduction of nuclear DISC1 in mammalian cells. Thus, to assess the contribution of nuclear DISC1 to the regulation of N-cadherin expression, GFP, DISC1-GFP or DISC1(46-854)-GFP was transfected into PC12 cells and the expression of N-cadherin was assayed by western blot analysis. DISC1(46-854)-GFP was expressed outside the nucleus, with enrichment at the perinuclear regions ( Figure 2j ). The effect of DISC1(46-854)-GFP on N-cadherin expression was weaker than that of DISC1-GFP (Figure 2i ). This result suggests that nuclear DISC1 has some effect on the regulation of N-cadherin expression. Furthermore, we checked whether DISC1 would interact with N-cadherin by immunoprecipitation assay. We did not detect an interaction between DISC1 and Ncadherin protein in DISC1-overexpressing PC12 cells (Supplementary Figure S3) .
DISC1 overexpression promotes neurite outgrowth
It has been reported that DISC1 regulates neurite outgrowth of PC12 cells in the presence of NGF. 13, 16, 45 We also confirmed this (Figures 4a-c) . Neurite outgrowth of neuronal cells is directly mediated by integrin-ECM interactions in developing nervous systems, as well as in a PC12 neurite genesis model. 39,46-48 Therefore, we examined whether DISC1 regulates b1-integrin expression and cell-matrix adhesion in PC12 cells, because b1-integrin is expressed in PC12 cells and regulates cell-matrix adhesion. DISC1 regulates b1-integrin expression PC12/mock, PC12/DISC1-HA and PC12/DISC1-FLAG cell lysates were subjected to western blot analysis to detect the expression level of b1-integrin. In the absence of NGF, the expression level of b1-integrin was elevated in DISC1-overexpressing cells compared with PC12/mock cells (Figures 3a and b) . In accordance with previous reports, 49 the expression level of DISC1 regulates adhesion and neurite outgrowth T Hattori et al b1-integrin was increased by NGF stimulation in PC12/mock cells. In DISC1-overexpressing cells, the increase in b1-integrin expression level induced by DISC1 was further enhanced in the presence of NGF (Figures 3a and b) . To confirm the effects of DISC1 on b1-integrin expression, we performed RNA interference analysis for DISC1 knockdown. Lowering the expression level of DISC1 reduced the expression of b1-integrin at 72 h after transfection (Figures 3c and d) . Next, we examined whether DISC1 regulated b1-integrin at the mRNA level in PC12 cells. b1-Integrin transcription was unchanged either by DISC1 overexpression (Figure 3e ) or by DISC1 siRNAs ( Figure  3f ). These results suggest that the regulation of b1-integrin expression by DISC1 is not transcriptional.
b1-Integrin is a transmembrane protein that functions in the recognition of extracellular matrix and cell-surface proteins. Therefore, we immunostained PC12/mock and PC12/DISC1-HA cells with anti-b1-integrin antibody to observe the expression of b1-integrin at the cell surface. In the absence of NGF, faint staining for b1-integrin was found at the cell membrane in PC12/mock cells (Figure 3e ). In PC12/ DISC1-HA cells, stronger but still weak immunostaining of b1-integrin was detected at the surface membrane (Figure 3g ). However, in the presence of NGF, the expression level of b1-integrin was notably enhanced in PC12/DISC1-HA cells at the cell surface, particularly at the surfaces of neurites (Figure 3g ).
We next examined the effect of nuclear DISC1 on b1-integrin expression using an NLS1-deleted form of DISC1 (DISC1(46-854)-GFP). Increased b1-integrin expression level by DISC1(46-854)-GFP was equivalent to that by DISC1-GFP (Figure 3h ). This result suggests that nuclear DISC1 have no effect on the regulation of b1-integrin expression in PC12 cells. In addition, we investigated whether DISC1 interacted with b1-integrin. However, there was no protein interaction between DISC1 and b1-integrin in PC12 cells (Supplementary Figure S3) . We have previously reported that interaction between DISC1 and FEZ1 enhances neurite outgrowth. 13 Thus, to check whether the interaction modulates the regulation of N-cadherin and b1-integrin expression, we examined the N-cadherin and b1-integrin expression levels in DISC1-overexpressing PC12 cells transfected with FEZ1-GFP. However, we did not observe a change in N-cadherin or b1-integrin expression levels regardless of FEZ1 overexpression (Supplementary Figure S4) .
Increased b1-integrin expression by DISC1 enhances neurite extension To establish the involvement of b1-integrin in neurite outgrowth induced by DISC1, we examined whether a b1-integrin-specific antibody could block DISC1-induced neurite extension. In the presence of NGF, overexpression of DISC1 in PC12 cells (PC12/DISC1-HA cells) caused an enhanced extension of neurites compared with that in PC12/mock cells. However, anti-b1-integrin antibody reduced the neurite outgrowth of PC12/DISC1-HA cells to the level seen in PC12/mock cells (Figures 4a and b) , showing that the DISC1-enhanced neurite extension could be attributed to the increase in b1-integrin expression induced by DISC1.
It is known that suppression of DISC1 impairs the neurite outgrowth of PC12 cells. 40 Accordingly, we examined the effect of DISC1 and b1-integrin overexpression on the neurite outgrowth of PC12 cells in which DISC1 expression was suppressed by DISC1 siRNAs. PC12 cells were transfected with DISC1 siRNAs and 24 h later, plasmids encoding GFP, DISC1-GFP or b1-integrin-GFP were transfected into the cells. We confirmed that the efficacy of siRNA transfection into PC12 cells was over 90% (Supplementary Figure S1 ). We observed the morphology of GFP-positive cells after 48 h exposure to NGF. Consistent with previous reports, DISC1 siRNA-transfected cells showed impaired neurite outgrowth. However, DISC1-GFP or b1-integrin-GFP overexpression rescued the reduction of neurite outgrowth by DISC1 siRNAs (Figure 4c ).
DISC1 regulates cell-matrix adhesion
It is known that b1-integrin mediates neurite outgrowth by regulating cell-matrix adhesion. 39, [46] [47] [48] To determine whether DISC1 affects cell-matrix adhesion, we performed a cell-matrix adhesion assay. The ability of DISC1-overexpressing cell lines to adhere to collagen type 4 was increased dramatically compared with that of PC12/mock cells (Figure 4d ). To verify this finding, we used RNA interference analysis to knockdown endogenous DISC1 expression. The results showed that knockdown of endogenous DISC1 indeed reduced the degree of cell-matrix adhesion (Figure 4e ).
DISC1 regulates N-cadherin and b1-integrin expression in primary neurons
Thus far, we have clarified that DISC1 regulates N-cadherin and b1-integrin expression, which affects cell-cell and cell-matrix adhesion and neurite outgrowth in PC12 cells. Next, we examined the effect of DISC1 on the expression of these adhesion molecules in rat hippocampal primary neurons. First, using a recombinant adenovirus capable of expressing DISC1-GFP (Adv-DISC1-GFP), we performed western blot analysis of hippocampal neurons infected with Adv-GFP or Adv-DISC1-GFP. Both N-cadherin and b1-integrin expression levels of DISC1-GFP-expressing neurons were 1.83-and 1.86-fold higher than GFP-expressing neurons (P < 0.05, Student's t-test) (Figure 5a) . Furthermore, the increased N-cadherin was found at cell-cell contacts in hippocampal neurons (Figure 5c ). Second, we examined the expression levels of N-cadherin and b1-integrin in hippocampal neurons transfected with DISC1 siRNAs. The proportion of siRNA-transfected cells was about 65% (Supplementary Figure S5) . In accordance with the result in PC12 cells, suppression of DISC1 reduced the levels of N-cadherin and b1-integrin protein expression to B43-62% and B64-69%, DISC1 regulates adhesion and neurite outgrowth T Hattori et al respectively, of control expression levels in primary hippocampal neurons (Figure 5b ). Finally, we immunostained neurons transfected with DISC1 siRNA and a GFP-expressing vector to observe N-cadherin and b1-inetgrin expression at the cell surface. The expression of both N-cadherin and b1-integrin was decreased at the cell membrane of cell bodies and neurites in DISC1 siRNA-transfected neurons (Figure 5d ). These results suggest that DISC1 regulates N-cadherin and b1-integrin expression not only in PC12 cells but also in hippocampal neurons.
Discussion
This study makes three major findings. First, DISC1 modulates cell-cell adhesion through N-cadherin in PC12 cells. This finding is based on the following results: (1) DISC1 overexpression increases cellular aggregation (Figure 1) , (2) anti-N-cadherin antibody inhibits DISC1-induced cell aggregation (Figure 1) , (3) DISC1 overexpression increase the expression of Ncadherin (Figure 2 ), (4) this effect is reversed by knocking down endogenous DISC1 expression with DISC1 siRNA (Figure 2 ) and (5) the increase in Ncadherin expression was specifically concentrated at the cell-cell contact zone ( Figure 2 ). Second, upregulation of b1-integrin expression by DISC1 enhances neurite outgrowth by regulating cell-matrix adhesion in PC12 cells. This finding is based on the following results: (1) DISC1 overexpression enhanced NGF (Figure 4) . Third, DISC1 also regulates N-cadherin and b1-integrin expression in primary hippocampal neurons. This finding is based on the following results in hippocampal neurons ( Figure 5 ): (1) N-cadherin and b1-integrin levels were increased by DISC1 overexpression, (2) this effect was reversed by knocking down endogenous DISC1 expression and (3) DISC1-knockdown neurons showed suppressed expression of N-cadherin and b1-integrin at the cell surface.
In PC12/mock cells, expression of b1-integrin was weakly observed. However, treatment of cells with NGF resulted in a significant (P < 0.01 vs mock (-NGF)) increase in the level of b1-integrin expression. As described above, DISC1 overexpression upregulated b1-integrin expression. It should be stressed that this effect was markedly strengthened by the presence of NGF. It has been reported that NGF treatment resulted in an increase in b1-integrin expression. 49 Furthermore, we previously showed that neurotrophins such as NGF and PACAP enhanced DISC1 expression in PC12 cells.
14 In addition, we and others have shown that DISC1 overexpression enhances NGF-induced neurite extension. 13, 16, 45 These results indicate that neurite outgrowth induced by NGF could be attributed to an increase of DISC1 expression and subsequent increased expression of b1-integrin in PC12 cells.
The increased expression of b1-integrin by NGF and DISC1 was localized at the cell surface and growth cones of neurites (Figure 3) , showing that upregulated b1-integrin at the cell membrane and growth cones of differentiating PC12 cells participates in neurite extension. In support of this idea, integrins, including b1-integrin, have been shown to mediate the promotion of neurite growth. 39, [46] [47] [48] The results shown in Figure 4 indicate that cell-matrix adhesion correlates with the level of DISC1 expression. As b1-integrin is known to contribute to cell-matrix adhesion, 39, [47] [48] [49] and we have shown that b1-integrin expression is modulated by DISC1, we infer that the effect of DISC1 on cell adhesion is potentially mediated by b1-integrin.
The strength of cell-cell adhesion is associated with the expression levels of cadherins at the cell surface. 50 This study showed that DISC1 induced cell adhesion through an increase in N-cadherin expression in PC12 cells. Furthermore, the increase in Ncadherin expression was concentrated at the cell-cell contact zone in PC12 cells, showing that increased N-cadherin functions at cell-cell contact sites. In hippocampal neurons, increased N-cadherin by DISC1 also accumulated at cell-cell contact sites, suggesting that the enhanced N-cadherin also functions at cell surfaces of neurons. However, we did not observe any marked changes in aggregation of the DISC1-overexpressing and DISC1-knockdown neurons under normal growth conditions (data not shown). Although a cell aggregation assay is necessary for more precisely assessing cell aggregation, this assay is not applicable to primary neurons. A previous study showed that N-cadherin has a role for cell motility and axon elongation 51 and is important not only for neuron-neuron interactions but also for neuron-glia interactions. 52 Indeed, because it has been shown that DISC1 also has roles of cell motility and axonal elongation, 21, 40, 53, 54 the regulation of N-cadherin expression by DISC1 may have an effect on these functions via controlling cell-cell interactions.
Our real-time PCR analysis showed upregulation and downregulation of N-cadherin mRNAs by DISC1 overexpression and knockdown in PC12 cells, respectively. Furthermore, the downregulation of N-cadherin protein expression (at 72 h after transfection) by DISC1 siRNA followed that of N-cadherin mRNA expression (at 48 h after transfection). The expression levels of N-cadherin protein in DISC1-overexpressing cells were correlated with those of mRNA (Figures 2b  and f) . Conversely, level of b1-integin mRNA was not significantly changed by DISC1. This result shows that unlike N-cadherin, the regulation of b1-integrin by DISC1 is not transcriptional. The results using NLS1-deleted DISC1 (DISC1(46-854)-GFP) indicate that the expression of N-cadherin but not of b1-integrin was regulated by nuclear DISC1. It is possible that nuclear DISC1 regulates level of N-cadherin mRNA, because a role for nuclear DISC1 in association with gene transcription was reported. 25 Moreover, immunoprecipitation assays show that DISC1 does not interact with either N-cadherin or b1-integrin, suggesting that DISC1 does not regulate the expression of these molecules directly. A previous study reported that the Wnt-and MAPK-signaling pathways affect transcription of the N-cadherin gene 55 and that DISC1 is involved in signaling pathways including those involving cAMP, CREB, Notch and MAPK; 25, [26] [27] [28] therefore, it is possible that these pathways are involved in the regulation of N-cadherin expression by DISC1. And it is also possible that those signaling pathways mediated by DISC1 induce b1-integrin expression. However, further study is needed to clarify the mechanism of regulation of N-cadherin and b1-integrin expression by DISC1.
Studies in rodent brain have revealed that DISC1 functions in the developing hippocampus and cerebral cortex. 9, 13, 30, 32, [56] [57] [58] N-cadherin and b1-integrin are also highly expressed in developing central nervous systems, where they are involved in neuronal cell migration, cytoarchitectural development, placement and differentiation. [59] [60] [61] [62] [63] [64] In the adult brain, DISC1 regulates adult neurogenesis and spine formation in the hippocampus and cerebral cortex. 13, 31, 33, 43 Expression of N-cadherin becomes concentrated in synaptic junctions, suggesting that N-cadherin is involved in synaptic modulation. [65] [66] [67] [68] [69] [70] b1-Integrin is also involved in synaptic plasticity in the hippocampus of the adult rat brain. [71] [72] [73] [74] Therefore, it is essentially certain that DISC1 and N-cadherin/b1-integrin are each involved in neuronal development, and are expressed in a common region such as the hippocampus in the developing and adult brain. The results of this study show that DISC1 regulates the expression levels of N-cadherin and b1-integrin at the cell membrane in hippocampal neurons ( Figure 5 ). Therefore, DISC1 may affect neuronal development and synaptic functions through the regulation of b1-integrin and N-cadherin expression in a region such as the hippocampus.
To date, linkage and association studies have indicated that DISC1 is associated with schizophrenia in the general population. [9] [10] [11] [12] Moreover, recent reports show that members of the cadherin family are associated with psychiatric disorders. 36, 37 Genetic and biological studies suggest that DISC1 has an important role in the pathogenesis of psychiatric disorders. Here, we suggest that dysfunction of DISC1 may cause impaired regulation of the adhesion molecules N-cadherin and b1-integrin contributing to the pathophysiology of schizophrenia.
